We have examined the role of a cell surface galactosyltransferase, laminin, and laniminin-binding protein (receptor) in the invasion of clonal derivatives of a murine adrenal carcinoma cell line. Although a 10-fold variation was found in the ability to invade a reconstituted basement membrane matrix, levels of intracellular laminin and the lamininbinding protein were shown to be present and secreted equally in all lines. Of the eight lines tested, seven showed a correlation between invasion and the incorporation of [3H]galactose from UDP-[3H]galactose into a 90-to 110-kDa protein. One noninvasive line (clone HSR), however, retained high galactosyltransferase activity yet could not galactosylate the endogenous 90-to 110-kDa substrate. Interestingly, this clone was unable to attach to laminin. Although high galactosyltransferase activity can be consistent with cells of high invasiveness, our results suggest that the galactosylation status of a 90-to 110-kDa Y1 cell surface glycoprotein is most indicative of invasion potential.
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galactose into a 90-to 110-kDa protein. One noninvasive line (clone HSR), however, retained high galactosyltransferase activity yet could not galactosylate the endogenous 90-to 110-kDa substrate. Interestingly, this clone was unable to attach to laminin. Although high galactosyltransferase activity can be consistent with cells of high invasiveness, our results suggest that the galactosylation status of a 90-to 110-kDa Y1 cell surface glycoprotein is most indicative of invasion potential.
Galactosyltransferases (GTs) are enzymes that transfer galactose from UDP-galactose (UDP-Gal) to N-acetylglucosamine (GlcNAc), N-acetylgalactosamine, or D-galactose acceptors on glycoproteins and glycolipids (1, 2) . At least nine GTs have been identified each of which catalyzes the formation of a unique glycosidic linkage (for review, see ref.
1). One of these enzymes, a ,81,4-galactosyltransferase (,81,4-GT), involved primarily in the terminal processing of Nlinked glycoproteins (3) , has often been used as a marker for the Golgi apparatus (4) . Also this enzyme has been found on the plasma membrane ofembryonal carcinoma (5), sperm (6) , and melanoma cells (7) (8) (9) . Detailed kinetic studies have been possible using GT purified from Ehrlich ascites tumor cells (10) and sperm (11) . On the cell surface, GT catalyzes the transfer of D-galactose from UDP-Gal to terminal GlcNAc residues on extracellular matrix glycoproteins (5, 12) . The binding of GT to GlcNAc on extracellular matrix molecules has been shown to be important for the migration of neural crest cells (13) and morula compaction in mouse embryos (14) . The presence of cell surface activity suggests that, in addition to its role in the Golgi, GT could function as an intercellular recognition or adhesion molecule (6, 15) .
Laminin and its receptor have been shown to be important in the migration and invasion of tumor cells during the metastatic process (16, 17) . Specifically, these proteins play a role in cell attachment, spreading, neurite outgrowth, migration, and binding to other matrix components (18) . Runyan et al. (13) have found that laminin is a principle GT substrate in the basal lamina and that migration of neural crest cells on this surface can be retarded by molecules known to perturb GT kinetics. These investigators have further shown that B16 melanoma cell surface /31,4-GT is required for cells to spread on a laminin substratum and that this process is distinct from laminin-receptor-mediated cell attachment (7) .
A 110-kDa glycoprotein has been identified that is an endogenous cell surface substrate for a f1,4-GT on metastatic murine melanoma cells (8) . In that study, higher levels of GT corresponded to increased in vitro incorporation of galactose from UDP-Gal in invasive cells. In the present study, we have tested whether this 110-kDa protein could be involved in the invasion of eight sublines of Y1 mouse adrenal carcinoma cells through a reconstituted basement membrane matrix. Each of these cell lines was examined simultaneously for the activity of cell surface GT and the ability to attach to laminin. Our results show that cell surface GT (19) to have an amplified Ki-ras gene. Derivative clonal lines (B7, B3, F2, B5, F4, and B2) were established in our laboratory from the parental cells by limiting dilution. Also described is Y1 clone HSR, kindly given to us by D. George (Univ. of Pennsylvania). All Y1 clones except clone HSR were in the same passage number at the time of this study. After 10 passages, fresh cells were retrieved from frozen stocks. Cells were grown in minimal essential medium (GIBCO) containing 10% (vol/vol) fetal calf serum (GIBCO) and antibiotics at 370C in an atmosphere of 5% C02/95% air.
Invasion and Motility Assays. Invasive capacity of the tumor cells was studied by an in vitro assay for cell invasion using a modified Boyden chamber (20) . Briefly, a polyvinylpyrrolidone-free polycarbonate filter (8-,um Lysates were centrifuged (1000 x g, 15 min), and postnuclear supernatants were transferred to tubes with 50 pl of 20% (wt/vol) NaDodSO4. After boiling for 5 min and cooling, samples were applied to a Sephadex G-50 (Sigma) column (1 x 30 cm) equilibrated with running buffer [50 mM ammonium formate/0.1% NaDodSO4/0.02% sodium azide]. Forty fractions (1 ml) were collected and an aliquot (100 Al) of each was quantitated by scintillation spectroscopy. Parallel tubes containing 100 mM a-D-galactose were included for each line.
Analysis of Galactosylated Proteins. Macromolecular peak fractions of radioactivity from the G-50 column (above) were pooled, lyophilized to dryness, and resuspended in 500 pl of water. Samples were precipitated with acetone (5 ml at -20'C, overnight), centrifuged (2200 x g, 15 min), and resuspended in 100 1.l of sample buffer (0.075 M Tris/2% NaDodSO4/10% (vol/vol) glycerol/5% (vol/vol) 2-mercaptoethanol/0.003% bromophenol blue). Samples were resolved on a 10% polyacrylamide gel with 3% stacker gel according to Laemmli (23) (24) . Disaccharide (galactosylated product) remaining near the origin (usually 2-4 cm) was quantitated by liquid scintillation spectroscopy. In parallel experiments, the concentration dependence of GlcNAc was measured in cells prepared as before except that 5-50 mM GlcNAc was added to each reaction mixture for 90 min. RNA Preparation and Probes. Total RNA was prepared from Y1 cell sublines and resolved (5 ,g per lane) on a formaldehyde/agarose gel as described (25) . The gel was transferred onto a nitrocellulose filter by capillary blotting. 
RESULTS
Invasion of Y1 Cell Clones in Vitro. We have found that two Y1 cell lines (DM and clone HSR) differ in their ability to invade a reconstituted basement membrane matrix and to form experimental metastasis in nude mice (unpublished data). Since the Y1 cells were a mixed population, we cloned them to establish individual lines and reexamined their ability to invade. In Boyden chambers as much as a 10-fold variation in invasion was found ( Table 1 ). The invasion of the parental Y1 cells was intermediate between the most invasive clone (F2) and the least invasive clone (F4).
Analysis of Laminin and Laminin-Binding Protein in Y1 Cells. To examine the possible role of laminin and its receptor in the process of Y1 cell attachment and migration, we first examined their absolute levels by Western blot analysis. Results showed nearly equivalent amounts of the 220-to 230-kDa laminin peptides B1 and B2 (Fig. 1A ) and the 36-kDa laminin-binding protein (Fig. 1C ) in all cells examined. The 400-kDa laminin A peptide was not visible even on low percentage acrylamide gels, although an 800-kDa signal was evident and present equally (data not shown). No major difference in the secretion of laminin was found in the sublines, regardless of their invasive capacity (Fig. 1B) with the exception of clone HSR, which again secreted slightly more. Hybridization was observed to a 52-kDa protein that was apparently derived from the medium (Fig. 1B, lane 1) .
Secretion of the laminin-binding protein could not be detected in any of the cell lines (data not shown).
Attachment of Y1 Sublines to Laminin. We tested the ability of Y1 cells to attach to immobilized laminin, matrigel, or BSA. After 1 hr, a majority of the cells in seven of eight Y1 sublines were bound to either laminin or matrigel-coated solid substrates ( Table 1 ). The cells of one line (clone HSR), in contrast, were unable to attach to these substrates. No attachment to BSA was observed for any cell line tested, a result confirming the specificity of the tumor cells for laminin and matrigel proteins.
GT Labeling of Intact Cells. The relationship between a GT 110-kDa substrate and metastatic potential in B16 melanoma cells has been documented (8, 9 (Fig. 3A) . The amount of disaccharide (Gal-GlcNAc) made by cell surface GT in the interval between 5 and 15 min (linear range) were compared between various Y1 clones. Clones F2, F4, and HSR formed 2.4, 0.6, and 1.8 pmol of Gal-GlcNAc per min per 106 cells, respectively. The effect of various concentrations of GlcNAc on GT activities ofclones F2 and F4 were also compared (Fig.  3B) . During the 90-min incubation period, the amount of Gal-GlcNAc disaccharide formed increased with GlcNAc concentration in both invasive and noninvasive lines. Differ- ences in GT activity between the lines was still evident but was reduced since the reaction was near saturation (90 min). To determine whether the variance in GT activities was due to different levels of P1,4-GT mRNA, Northern blots were prepared. Fig. 3C shows that the 4.1-kidobase ,1,4-GT mRNA did not vary significantly between the clones tested regardless of invasiveness with the exception of the noninvasive HSR clone in which a slightly higher level was found.
Correlation Between UDP-[3HjGal Incorporation and Invasion. When the remaining Y1 clones were examined for their ability to transfer [3H]galactose from UDP-[3H]Gal to endogenous cellular acceptors, the predominant acceptor was also a glycoprotein of molecular mass 90-110 kDa (Fig. 4) . Average activities (pmol per 106 cells) were as follows: F2, 2.73; F4, 0.64; B3, 1.36; B5, 1.8; B2, 0.67; B7, 1.15; HSR, 0.19; and Y1 parentals, 0.95. It is evident that the most invasive variants were able to incorporate more [3H]galactose than the less invasive variants. Of the eight lines tested, seven showed a correlation between these two parameters and one line, B5, did not. At this time we do not know why clone B5 was divergent. Although they had similar cell surface GT activity, the nonmetastatic HSR cells, shown to attach poorly to laminin, were unable to galactosylate the surface glycoprotein (Fig. 3C) T-VI DISCUSSION Using UDP-H]Gal as a probe, we have demonstrated the presence of a 90-to 110-kDa glycoprotein on the cell surface of invasive murine adrenal carcinoma cells. Galactosylation of this protein, catalyzed by the cell surface form of GT, was found to be either diminished or absent in less invasive or noninvasive clones of the same line. To determine if cell surface GT itself was rate limiting, the capacity of the cells to form Gal-GlcNAc using the exogenous acceptor GlcNAc was measured. Consistent with results of B16 melanoma cells clones G3.12 and G3.26, highly invasive clones of Y1 cells, had high surface GT activity. We found that less invasive cells had several phenotypes. Low-invasive cells that were able to attach laminin but not spread or invade matrigel (e.g., F4) showed low surface GT activity. Low-invasive cells that could not attach to laminin or matrigel retained high GT activity (e.g., clone HSR). This finding raises the possibility that surface presentation of the 110-kDa protein or its proximity to laminin may be an important factor for galactosylation by GT. Most importantly, those cells unable to galactosylate the 90-to 110-kDa cell surface glycoprotein, for whatever reason, were shown to be noninvasive.
Our finding that the cell surface protein preferentially galactosylated by GT in Y1 cells was ='110 kDa was of interest in light of several reports of 110-kDa proteins present on the cell surface involved in cellular recognition and/or movement. These include a 110-kDa GT cell surface substrate on B16 melanoma cells (8, 9) , a lysosomal-associated membrane protein (LAMP; refs. 28 and 29), the f3 chain of integrins (30) , and a 110-kDa protein that binds to a laminin affinity column (27, 31) .
Runyan et al. (7) have found that GT can mediate cellular movement on laminin through specific interactions with the A chain. Although we were unable to document a galactosylation oflaminin A chain, we did observe that only cells with high GT activity and the ability to galactosylate the 110-kDa protein were able to spread on laminin (data not shown).
Investigations of laminin and laminin receptor were prompted by reports (13, 14) of an association among these molecules and cellular movement and migration. Although both cellular and secreted levels of laminin and laminin receptor in Y1 sublines were equivalent, we found that cells unable to attach to laminin were poorly invasive in vitro and nonmetastatic in vivo (unpublished data). One explanation for this could be the presence of a unique cell surface distribution of receptors for laminin. We have found by electron microscopy that the invasive Y1 cells contain numerous cell surface rufflings whereas the noninvasive HSR line lack ruffles (unpublished data). Perhaps the greatly enhanced surface area directs the juxtaposition of cellular laminin receptors and basement membrane laminin.
Characterization of gene expression unique to an invasive phenotype necessitates the isolation ofcells ofsingle genotypes. In our report, we studied clonal derivatives of the Y1 line to assure genotypic constancy. In addition, only cells grown for 10 divisions or less were used in these experiments to minimize genotypic changes that might accrue in culture. The fact that amplification of the c-Ki-ras gene was identical in all clones (10-fold) but one (clone HSR; 50-fold) suggests that factors other than c-Ki-ras must contribute to the variation in invasiveness of Y1 cells.
Of paramount importance to the study of cell surface glycoproteins is assurance that no cytoplasmic proteins have contaminated the samples. In this regard, experiments were performed on cells that were dislodged from plates by nonenzymatic methods. Indeed, cells tested by trypan blue exclusion were shown to be 98-99% viable throughout the course of the experiments. Our finding of GT activity on the surface of Y1 adrenal carcinoma cells is certainly not without precedence since cell surface GT activity has now been described on sperm and egg (6) , neuronal cells (12) , and various tumor cells (5, (7) (8) (9) .
In summary, we have identified a cell surface glycoprotein whose in vitro galactosylation is correlated with invasion of Y1 adrenal carcinoma cells.
